ABSTRACT Time series data fusion has been widely used in practice and has received great attention in recent years. From the perspective of analyzing the correlation between data, this paper proposed a new accurate time series data fusion algorithm based on the decision making trial and evaluation laboratory (DEMATEL) model. With the analysis of various factors in DEMATEL and the combination of ordered weight aggregation operator (OWA) algorithms, the impact of time interval on the results of the fusion is reduced. The example given in this paper is a good illustration of the efficiency and feasibility of the new algorithm. We believe that the improvement work in this paper not only promotes the theoretical prediction of data fusion but also plays an important role in various fields.
I. INTRODUCTION
In practical applications, how to handle uncertainty effectively plays an important role, so that it has addressed many attention in recent years. In order to address this issue, a number of methodologies have been proposed in the past few decades, including extended grey prediction [1] , Z-number [2] , evidence theory [3] , [4] , evidential reasoning [5] - [7] , entropy [8] - [10] , D number [11] - [14] , fuzzy sets [15] - [17] , and fluid-structure analysis [18] , [19] . D-S theory [20] , [21] as one of the useful methodologies has the advantage to deal with uncertainty [22] and is widely used in many applications, such as decision making [23] - [25] , fault diagnoses [26] - [28] , pattern classification [29] - [31] , medical diagnosis [32] and others [33] - [37] .
Significantly, one open issue of evidence theory is conflict management [38] - [42] . So far, many methods [43] , [44] have been proposed to solve the evidence conflicted problems which are obtained by classical D-S theory. One is to modify the D-S combination rules. It suggests that the reason for the inconsistency between the combination results and the intuition is that the BPA of the two focal elements with empty intersections is not properly handled when modifying the D-S combination rule, and the solution is to study
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how to redistribute the conflicts. The other is to modify the evidence sources with D-S theory unchanged. Taking the correctness of the D-S theory as a premise, the conflict evidence should be preprocessed when the high conflict occurs, and then use the D-S combination rule to fuse data. After many previous researches about evidence theory having been carried out to blend data statically, Smets [45] proposed a time decay model, considering the influence of noisy and the reliability of sensor, which can combine the data dynamically. Based on that model, Song et al. [46] proposed the credibility decay model (CDM) for evidence discounting in time domain to mitigate the impact of previous evidence on fusion.
However, CDM still needs to be improved for some defects in it. When the time interval between two nodes of collected pieces of evidence is long, the information will be unreasonably discounted. Excessive reliance on the latest evidence and ignoring the overall information can lead to an improper decision to some extent. The correlation between the pieces of evidence also lacks the correct analysis. To address this issue, Liu and Xiao [47] put forward a new method based on ordered weight aggregation operator (OWA) [48] , [49] to serve as a means to improve CDM. In this improved model, Liu and Xiao effectively use the OWA operator to consider the role of old evidence in data fusion from the aspects of ''anding'' and ''oring'', rather than simply using time VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ interval unreasonably. Yet, it is worth noting that there is still a lack of consideration for the correlation between old and new evidence in this model. In this paper, we propose a novel method, considering the relation among all the bodies of evidence based on CDM and DEMATEL(Decision Making Trial and Evaluation Laboratory) [50] , [51] . It can well consider the effect of the correlation between all the new and old pieces of evidence and effectively neglect the indirect conflict between them when multiple pieces of evidence are fused. After each time node, the correlation between each evidence and the effect extent of each evidence in the entire system changes. The basic idea of the DEMATEL is to use matrix operations to calculate the degree of influence and the degree of being impacted of factors to obtain the centrality and the degree of cause of the factor. Then use the centrality and the degree of cause to adjust the structure of the original system which makes it more reasonable. Here, we use a method proposed by Jiang [52] to obtain the direct influence between each evidence and to derive a direct impact matrix. The corresponding indirect relation matrix is calculated by DEMATEL and the R, C, R + C, and R − C can be obtained, which represent influence degree, the degree of being impacted of factors, centrality, and the cause degree respectively. R, influence degree, which indicates the comprehensive influence value of the element corresponding to the row in the corresponding indirect relation matrix. C, the degree of being impacted of factors, indicates the degree to which the corresponding elements of the column are affected by the other elements. R + C, centrality, indicating the position of the element in the system. R-C, the cause degree, when R − C > 0, it indicates that the element has a great influence on other elements, which is called the cause element. Conversely, it indicates that the element, which is called the result element, is affected by other elements. According to the size of the centrality, extent of that each evidence plays a role in the entire system can be derived at every new time node. Then by normalizing and combining the centrality with the weights obtained by Liu and Xiao [47] , and further make the data fused, the latest reliable fusion results can be obtained.
The structure of this paper is as follows: Section 2 introduces some preliminaries including D-S theory, an improved credibility decay model and some methods to measure the coefficient. In Section 3, we apply Jiang's method to DEMA-TEL and combine it with Liu and Xiao's improved method of OWA operator to obtain a new discount coefficient for CDM. Section 4 demonstrates the validity of the method by some different experiments. Section 5 summarizes the paper and gives a brief conclusion.
II. PRELIMINARIES
In this section, we will give a brief introduction to some preliminaries including evidence theory, a new credibility decay model based on OWA, Jiang's coefficient for belief function, DEMATEL method.
A. EVIDENCE THEORY
Handling uncertainty is still an open issue [53] - [56] . The D-S evidence theory can be regarded as the extension and broadening of the classical probability theory. It broadens the basic event space in the classical probability theory into the power set space of the basic event, and on this basis, establishes the Basic Probability Assignment [57] - [59] . At the same time, the D-S evidence theory defines the Dempester fusion rule with good mathematical properties, which can combine the evidence in the absence of prior information. Therefore, it was effectively applied in various files, such as environmental assessment [60] , target recognition [61] decision-making [62] , [63] , classification [64] - [66] , and fault diagnosis [67] - [70] .
Let θ be all possible extensions of the variable X. If θ is a non-empty set, and the elements are mutually exclusive, then θ is so called an identification frame. In this identification framework,( = 2 θ ) is the power set of θ . For any collection A (A ⊆ ). It corresponds to a function m, which has (m(A) ∈ [0, 1]), and m also satisfies the following:
Then m is the basic probability assignment on the identification framework θ , where m(A) reflects the degree of trust in the evidence in the identification framework [71] , [72] .
In addition to the basic definition, the important content of D-S evidence theory is the fusion of multiple pieces of evidence between BPA [73] . It is widely used to combine multi-source information to make the final decision. The D-S evidence theory has the following fusion rules:
Suppose θ is the identification framework, (m 1 , m 2 ) are the 2 basic probability assignment functions on 2 θ , and the
where k = B∩C=∅ m 1 (B)m 2 (C) is called the collision coefficient, which indicates the degree of conflict between different pieces of evidence, the range of it is [0, 1], and the larger the k is, the greater the degree of conflict. In particular, when k = 0, it means that the evidence does not conflict; when k = 1, (m 1 , m 2 ) are completely opposite. At this time, Equation (2) cannot be used to find the orthogonal sum (because the denominator 1 − k = 0 ).
Data fusion is usually done in stable data and environments while conflict management is important when multiple pieces of evidence are combine [74] - [77] . Since the evidence from different sources is not always completely credible, we need to assess the credibility of the evidence as follows:
Let m be the BPA on the frame of discernment θ with a credibility of α ,then m could be discounted as:
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B. THE CREDIBILITY DECAY MODEL
Credibility or reliability of information should be taken into consideration in data fusion [78] - [81] . Time series is very important in data processing [82] , [83] . For time series data fusion with the reliability, a new model, named as credibility decay model, has been presented [46] . Suppose that m 1 , m 2 , . . . , m n are collected at each time node t 1 , t 2 , · · · , t n and t i+1 > t i , for i = 1, 2, · · · , n. Deriving by combining all the BPA, we can get f n (m 1 , m 2 , · · · , m n ), whose representation of f n is qualified as Markovian [45] , if it satisfies that:
Markovian requirement improves the efficiency of data fusion for no need to store all the past BPAs and compute them repeatedly. Similarly, in CDM, the credibility of evidence is also a factor that must be considered, with each new time node bringing new evidence. And the credibility of all evidence will change over the system. Let
. . , n, function g can combine two BPA being defined as [46] 
Collecting at time node t j , m j will be produced as the BPA. And dynamic credibility at time node t i t i > t j is defined as (6) In [46] ,it is stipulated that with λ > 0, α(t) can satisfy related properties and holds for any BPAs.
C. A NEW CDM BASED ON OWA
Liu and Xiao [47] proposed a new dynamical generating OWA weights method, so that when each evidence appears, the new and the most correct weight can be obtained in the new CDM. The OWA operator is a weighted average operator between the maximum and the minimum, which is equivalent to an operator that extends the orness operation and the andness operation in the fuzzy operation. Its ''andness & orness'' degree can be adjusted to meet the needs of the actual application. Liu and Xiao used the OWA operator to generate appropriate discount coefficients, which improved the defect of the discount coefficient in the original CDM model. The relevant definitions of OWA are as follows [47] : Assume there are n criteria A 1 , A 2 , . . . , A n . If a weight vector
An OWA operator is a mapping I n → I (where I ∈ [0, 1]). where b i is the ith largest element in the collections a 1 , a 2 , . . . , a n which meets A 1 , A 2 , . . . , A n . And 1)
where Q is a nondecreasing proportional fuzzy linguistic quantier [48] and defined as follows [84] , where a, b, r ∈ [0, 1]
In the improved model, Liu and Xiao considered the timeliness of time-based data fusion, which means that the role or influence of the old evidence in every new fusion process will gradually decrease [47] . Assume there are n time nodes t 1 , t 2 , . . . , t m , . . . , t n . The measure to evaluate the effect degree of old evidence from time node 1 is
The method which is proposed in [47] can be used to effectively control the discount rate and calculate σ with node 1 as the initial. According to the situation of each case, the threshold is also set to ensure the rationality of the weight used in each fusion. The measure to evaluate the effect degree of old evidence from time node m is
where n time nodes are expressed as t 1 , t 2 , . . . , t m , . . . , t n . Normally, we use this equation to find credibility α in reverse, and combine it with Equation(3) to get m(A) which has been discounted. Set n ≥ 2,and m i represents the BPA of each evidence, which collected at time t i , for i = 1, 2, . . . , n with t i > t i−1 . When new evidence comes, based on n time nodes, the weights of each evidence can be obtained
D. CORRELATION COEFFICIENT FOR BELIEF FUNCTIONS
In most cases, the evidence cannot be completely viewed as an independent individual, even if there is a certain conflict between them. In recent years, many scholars have proposed methods to measure the degree of conflict between evidence. At present, the method proposed by Jiang [52] can effectively measure the degree of direct influence between the two bodies of evidence.
Suppose that there are n elements in the discrimination framework θ and they are independent of each other.
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The correlation coefficients of the evidence m 1 , m 2 can be defined as
where c (m 1 , m 2 ) is the degree of correlation denoted as
where i, j = 1, . . . , 2 N ; A i , A j is the focal elements of mass, respectively; | · | is the cardinality of a subset.
E. DEMATEL METHOD
The Decision Trial and Evaluation Laboratory (DEMATEL) [85] - [89] is an algorithm for the analysis of complex system factors. Based on graph theory, the algorithm constructs and analyzes structural models to understand the causal relationship between complex social factors and discriminate key elements. The DEMATEL method calculates the causal relationship between all elements by using the evidence and related mathematical theories by analyzing the influence and degree of the relationship between the elements of a problem or structure, and numerically indicating the degree of causal influence. In recent years, it has received much attention due to its universality and mechanistic simplicity, and has been widely promoted and applied in many fields such as systems engineering and management science [90] - [95] . Set a decision factor with n analysis factors, recorded as F 1 , F 2 , . . . , F n and the main operational steps of DEMATEL are as follows.
1) CONSTRUCT A DIRECT RELATION MATRIX Z
Experts in relevant fields are asked to judge the intensity relationship between the factors in the decision target according to the scale of 0-4 (0 means no effect, 1, 2, 3, 4 respectively represent small impact, small impact, large impact, great impact), and obtain the direct influence matrix Z = z ij n×n with Z ij indicates the influence of factor F i on factor F j ; when i = j, z ij = 0.
2) NORMALIZE MATRIX Z
The direct influence matrix after the specification is X. By normalizing the direct influence matrix Z obtained in Step1 as follows, the normalized direct influence matrix X = x ij m×n can be obtained.
3) CALCULATE THE TOTAL RELATION MATRIX T
where t ij represents the direct influence of factor F i on factor F j and the degree of indirect influence; I is the unit matrix.
4) DETERMINE THE RELEVANT ANALYSIS INDICATORS OF SYSTEM FACTORS
Calculate the influence degree R i and the affected degree C i according to the following formula
Furthermore, the centrality index P i and the cause index Q i of each factor are calculated from the influence degree of each system factor and the affected degree index.
5) IDENTIFY KEY FACTORS
Comprehensively analyze the centrality and cause index of each factor, draw the causal relationship graph with the centrality of each factor as the abscissa and the cause degree as the ordinate, and then determine the key factors.
III. THE PROPOSED METHOD
In this section, a new dynamical generating DEMATEL weights method is proposed to improve Equation(11), considering the interrelationship between each evidence and the extent to which the evidence affects the entire system. Therefore, a new method has been proposed. Jiang's method is used to measure the degree of correlation between evidences, to obtain a direct relationship matrix and to be used in DEMATEL. Through DEMATEL, relevant factors can be obtained, reflecting the extent to which each evidence works throughout the system. Combined with the weights obtained by the OWA algorithm, a more reliable discount factor can be calculated, making the final result more convergent and more accurate. After each new evidence being collected, the correlation coefficient between the pieces of evidence is obtained by using Equation (13) and DEMATEL, combined with OWA discount weight, a proper discount weight can be obtained in the new CDM as each new evidence being collected. The whole process to generate dynamical discount weights is shown in Figure 1 . More details are shown step by step as follows.
In this paper, the proposed method takes the correlation coefficient as the influencing factors of the system. By using this coefficient, we can generate the direct relation matrix.
Suppose we collect evidence from the sensor for a period of time and collect a total of N sets of evidence, which can be expressed as m 1 , m 2 , m 3 . . . ..m n , which shows in Table 1 . Between two pieces of evidences m i , m j , their correlation coefficient can be expressed as R (m i ,m j ) . A correlation matrix(CM) can be constructed based on the correlation coefficient between two pieces of evidence generated by using Jiang's method, which gives us insight into the agreement between the evidence bodies. We can construct CM as
It's important to note that since the evidence collected belongs to a holistic system, within a system framework, we can consider the interaction between each objects. As time changes, the data of the evidence collected at different nodes will change, but such changes are based in part on existing data, so it is reasonable to say that the old evidence will bring some influence on new evidence. Of course, if there is no mutual influence between the old and new evidence, then the correlation coefficient between them is zero. The correlation coefficient is a good indicator of the correlation between each evidence.
Normalize each element in the matrix D by Equation (15) and Equation (16), and get the normalized influence matrix X
where
According to Equation (17) , the comprehensive influence matrix T (The specific process is shown in Table2) is obtained as
According to Equations eqs. (18) to (21), we can get R i , C i , P i , Q i (i = 1, 2, · · · n) corresponding to each time node after each evidence collection, even if we can collect evidence from five sets of time nodes at once.
The center degree P is used to normalize the elements in the matrix with the largest number as the standard and get the weight of each evidence at different time nodes ω 0 . Based on the weights ω l obtained by Liu and Xiao using the OWA operator, we consider the correlation between the evidence and improve the weights, then get a new weight omega z .
Improvement of Equation (10) 
The proposed method is briefly introduced by Figure 1 and more details are as follows: 
Step 1 Collect evidence and find correlation coefficients between them
Regardless of the evidence of how many time nodes are collected at one time, we need to find the correlation coefficient between the evidence at each time node and get the CM. Because every time we collect the evidence, the influence degree of the evidence will change in the system.
Step 2 Use the DEMATEL algorithm to calculate the value of the relevant factor
It should be noted that we need to calculate each CM sequentially.
Step 3 The centrality is normalized according to relevant factors.
Similarly, for n CM, we need to get n centrality matrices of each CM. The normalized result is the weight of the discount factor for the i evidence at the i th time node (i = 1, 2, 3, . . . n) . Step 4 Calculate the effect degree of old evidence from time node 1 and derive the discount factor based on the equations listed previously.
Step 5 Weighted fusion of multiple evidence.
The discount factor found at i time nodes is taken as the current latest discount factor. In the process of BPA fusion, the latest discount factor obtained is used as a discount factor for synthesizing the latest evidence collected at the time node.
IV. EXPERIMENTS AND ANALYSIS
In this section, a specific example of target recognition is given and compared with the original CDM and OWA methods to illustrate the new model.
A. EXPERIMENTS
In this example, we performed simulation experiments based on Liu and Xiao's data source, and in the following work, we call the new CDM the DEMATEL model. The original model (OM) is given a discount of λ = 0.15 [46] according to Equation (3).
Assume that there are 5 sets of evidence e 1 to e 5 collected in chronological order from sensors like Table 3 shows.
Calculate the correlation matrix CM1, CM2, CM3, CM4 in order according to Equation (13) and Equation (22) and more details are shown in the Table 4 − 7.
B. ANALYSIS
According to Figure 2 and Table 8 − 9, we can clearly see the comparison of the results after the data discount and the evidence fusion. In Table 8 , a new weight ω z can be derived by combining ω 0 and ω l derived from the improved algorithm. In this paper, the new improved algorithm considers the correlation between evidence and combines with ω l in Liu and Xiao's OWA model to further make the improved weight more in line with the actual situation. We incorporate the calculated degree of influence of the discount factor into the algorithm of data fusion theory to fuse the five collected sets of evidence. In the experiments of these five sets of data, the DEMATEL model and the OWA model have similar effects, but are more optimized, and the two models are more effective than the original model. The DEMATEL model takes the correlation between the evidence and the extent to which each evidence works in the system into account, so that the evidence can yield good results when fused. At the same time, by observing the trend of m(A) in Figure 2 , it can be clearly seen that the improved fusion result trend is consistent with OWA and the trend of the original model, indicating that the algorithm is feasible and accurate, although at t 4 , the discount factors of the original model greatly differ from that of DEMATEL model and OWA model, and at t 5 , the discount factor of the OWA model differs greatly from the discount factor of DEMATEL model and original model. DEMATEL model is more complex than OWA model and OM, but the accuracy has been greatly improved.
V. CONCLUSION
How to integrate data well on a time series basis is still a problem to be solved. In order to overcome the defects of the credibility decay model and further optimize the OWA model, this paper proposes a new algorithm based on the DEMATEL model to calculate the discount factor to obtain a more reasonable data fusion result. This provides a new perspective for studying time series-based data fusion. The relevant factors solved by Jiang's method are used to judge the degree of direct relationship between the bodies of evidence. The DEMATEL weights are combined with the OWA weights to replace the discount coefficients in the original model. In the experimental verification of this paper, the new CDM model has better fusion effect than the OWA model and the original model. The new algorithm is proposed to take into account the correlation between evidence and to combine with OWA to reasonably consider the time interval. Compared with other models, the algorithm achieves more accurate and reliable prediction. It can also be widely applied in other fields such as engineering, finance and other fields with good development prospects.
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